Abstract. A new way of reconstructing wave fronts is developed for testing the validity of the great circle approximation in dispersion analysis of surface waves. Phase and time delays between pairs of stations of an array are used to reconstruct the wave fronts or surfaces of equal phase. This tech•que is applied to fundamental mode Rayleigh waves recorded at the NARS stations dudlag the ILIHA (Iberian Lithosphere Heterogeneity and Anisotropy) project. The resulting wave fronts are compared with the theoretical ones, i.e. calculated assuming that the waves have traveled along the great circle path with a constant phase velocity, and the angle between both fronts is calculated. Waves traveling mosfiy through a laterally homogeneous oceanic path before arriving to the Iberian Peninsula are analyzed for the frequency range of 10 to 60 mHz. These show angles up to 8 degrees between the theoretical wave fronts and the wave fronts reconstructed using the delay data. This implies that we make a relative error less than 1% when calculating pathaveraged phase velocities ignoring the deviation of the arrival of the wave from the great circle direction.
Introduction
One of the goals of modem seismology is to map the lateral heterogeneity in the Earth. The analysis of surface wave data is particularly valuable for studying lateral variations of the crust and upper mantle. Standard surface wave tomography relies on the great circle approximation which states that surface waves are only influenced by the integral of the local phase or group velocity over the source-receiver minor arc. However, the great circle approximation cannot be used if lateral variations have produced strong deviations of the surface wave ray path and if the structure is not smooth on a scale of a wavelength.
The goals of this research are (1) to test whether the observed wavefield arrives in the great circle direction, and (2) to evaluate the bias in phase velocity calculations in case a deviation is observed. For this purpose a new way of calculating wave fronts is developed. This is applied to data from the NARS network, recorded during the ILIHA project. An array enables the measurement of the azimuth of the direction of arrival of the wave. The phase velocity Cm• measured along the great circle can be related to the real local one C•l by the expression Cme, = C•l/cos a, a being the deviation of the ray path from the great circle direction. Phase delays for the fundamental mode of the Rayleigh waves are calculated between the stations for different frequency bands. The wave fronts are represented by lines connecting equal phase delays. The angle a between the observed and the theoretical wave fronts (corresponding to waves traveling through a homogeneous medium) is calculated. This angle provides information about the deviation of the path of the true wave from the source-receiver minor arc; it can thus be Copyright 1993 by the American Geophysical Union.
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0094-8534/93/93 GL-00774 $03.00 used as a criterion of validity of the great circle approximation and as an indication of ray bending effects. Earlier works have already been done to compute phase velocities and the approach azimuth of the wave train for a given period, by means of a triangular network [Evernden, 1954] . Although the tripartite phase velocity method was designed to handle surface waves incident upon the array from any azimuth, the results of Knopoff et al. [1967] showed that when the direction of propagation does not lie along one of the legs of the network, the phase velocities computed may be in significant error. Schwab and Kausel [ 1976] proposed the extension to quadripartite networks to solve this limitation. With only 3 stations of a tripartite array one must assume plane wave fronts; in order to allow for curvature of the wavefronts, a fourth station is included in the array. In the 4 stafion's method, the wave front is approximated by the arc of a circle diverging from, or converging toward a fixed point on the free surface. In the method proposed in this paper, the form of the reconstructed wave front is not fixed a priori. The To reconstruct the wave fronts we first measure the phases of the fundamental Rayleigh mode as a function of the frequency. The phases are measured using the residual dispersion analysis method described by Dziewonski et al. 
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The data used in this study are the fundamental mode of the Rayleigh waves recorded by the NARS stations during the ILIHA project [Paulssen, 1990] . figure 4(b) . In this case waves have been traveling along a relative short homogeneous oceanic path before reaching the Peninsula. This small deviation of the wave fronts from the great circle direction in the range of frequencies used, was akeady observed by Payo [ 1970] and Badal et al. [ 1990] and explained as an effect of the continental margin. For the event nr. 9, a general increase of the value of the angle and a decrease of the standard deviation with the frequency is observed. This means that for higher frequencies the deviation from the great circle path beeames more important. This is what we in general would expect, since higher frequencies sample shallower depths with a more complex structure. However, this is not what we observe for all the events. For the Azores event (nr. 1), for which a wider frequency band has been studied, the behaviour of the curve is quite irregular. This was already observed by Payo [1970] who indicated that these differences in the behaviour of the curves may be due to differences in the structure along seismic paths. For the events with a north and south backazimuth (events 3,7,8 in figure 2), a difference in curvature is dominant for frequencies up to 30 mHz whereas for higher frequencies a clear deviation from the great circle path is observed: in general higher angle values and smaller standard deviations are observed for higher frequencies. FOr these events the waves have crossed several continental margins to the North (North of Scoffand and Bay of Biscay, events nr.3 and 8) and to the South (Coast of West Africa and Alboran Sea, event nr.7). This last region is characterized by a complex lithospheric structure due to the active tectonic history [Paulssen, 1990] . The fact that for some events the deviation increases at lower frequencies may come from less precise phase measurements. For the Chile event for which waves have traveled through the South American plate and along the Arian fie Ocean, an irregular pattern is observed: for frequencies around 25 and 35 mHz it seems that there is a clear deviation from the great circle direction, with high values for the average angle and low standard deviation; for lower and higher frequencies a difference in curvature between the experimental and the theoretical wave fronts is observed. For the Thailand event (see figure 3) the reconstruction of the wave fronts suggests that the waves have traveled along another path than the great circle. This event gives the highest value (about 8 degrees) for frequencies between 10 and 25 mHz. This event has complex waveforms; this is not surprising since the waves have traveled through complex continental structures;this notwithstanding it is surprising that simple wave fronts are obtained. Only frequencies up to 25 mHz could be used for this event, due to the difficulty in obtaining reliable phase measurements for higher frequencies. The small relative error obtained implies that for the studied events and frequency bands, the great circle approximation can be used for dispersion measurements. However, the fact that a good agreement between the reconstructed wave fronts is achieved does not imply that the structures are smooth on a scale of the wavelength: one should not forget that because of the regularizafion in the equation (1), we Select the solution that satisfies the Eikonal equation as good as possible, among all the ones that satisfy the data. As pointed out by Snieder [1988] , S-velocity models reconstructed using surface wave scattering theory bear a close resemblance to models constructed largely based on surface wave dispersion measurements, with horizontal length scale comparable to the wavelength of the surface waves used, in which ease scattering and mulfipathing may occur. Apparenfiy, traditional methods for measuring phase velocities are rather robust to violations of the requirement that the heterogeneity is smooth on a scale of the wavelength. It seems that for a network of the size of ILIHA, the distance between stations is too small with respect to the wavelengths involved in this study, for the wave fronts to carry accurate information about the structure below Iberia. It follows that for the periods used we find smooth wave fronts satisfying the phase reasonably well, even though this doesn't mean that the structure is smooth. Having more wavelengths inside the network, i.e. working at higher frequencies, we would expect more complex wave fronts, giving more detailed information about the structure below Iberia. The problem is to find phase data at these frequencies; at periods smaller than 20s for oceanic paths the multipathing is very strong, and we found it very difficult to get results as method-independent as possible.
Conclusions
In this study it has been found that for surface waves traveling mostly through oceanic paths before reaching the region of study, and for frequencies between 10 and 60 mHz, a good agreement is achieved between the direction of arrival of the fundamental mode of the Rayleigh waves and the great circle. Angles up to 8 degrees have been obtained between the irue and the theoretical wavefront, which represents a relative error of less than 1% in the path-averaged value of the phase velocity. This very good fit of the phase data with simple wave fronts (see figure 2 and 3) shows that the traditional methods for measuring phase velocities of surface waves are rather robust. One should not forget that few data have been used: only low frequencies for waves traveling mostly through an oceanic path before reaching the Iberian Peninsula.
